Abstract. Experimental studies have established that the sulfated glycosaminoglycans heparan sulfate and chondroitin sulfate act as co-receptors of cytokines and growth factors that drive the malignant cell phenotype and the remodelling of the surrounding tumor stroma. However, the clinical relevance of these studies remains ill-defined. The present study investigates the significance of chondroitin sulfate expression in malignant cells and the stroma, respectively, of tumors from two independent cohorts of breast cancer patients (cohort I: 144 patients, 130 evaluable samples; cohort II: 498 patients, 469 evaluable samples; ER-positive patients ~86% in both cohorts). Kaplan-Meier analysis and Cox proportional hazards modelling were used to assess the relationship between chondroitin sulfate and recurrence-free and overall survival. High chondroitin sulfate expression in malignant cells was shown to predict shorter recurrence-free survival (P=0.007, cohort I; P=0.024, cohort II) and overall survival (cohort I: P=0.044; cohort II: P<0.001) in both cohorts. In multivariate analysis, high chondroitin sulfate in malignant cells was shown to be an independent, predictive factor of poor overall survival (cohort I: hazard ratio 2.28: 95% confidence interval 1.08-4.81, P=0.031; cohort II: hazard ratio 1.71: 95% confidence interval 1.23-2.38, P=0.001). However, chondroitin sulfate in the stroma showed no correlation with known markers of tumor aggressiveness or with clinical outcome in either cohort. Our data suggest that high chondroitin sulfate expression in malignant cells is associated with an adverse outcome in patients with primary breast cancer, supporting the idea of a functional and potentially targetable role of chondroitin sulfate in tumor disease.
Introduction
Recent advances in cancer research have clearly established that the development of cancer involves a complex interplay between transformed cancer cells and their surrounding stroma (1, 2) . Studies aimed at the identification of prognostic biomarkers and treatment targets of cancer have, so far, focused on proteins typically expressed by malignant cells, while studies of typical stromal components e.g. glycoproteins remain relatively sparse. Notably, complex glycans lack a given template for their biosynthesis, which requires the concerted action of several, sometimes >10, different enzymes. This fact complicates the analysis at the genomic level of the potential role of glycoproteins in cancer.
The proteoglycans (PGs) constitute a large family of proteins characterized by the conjugation with sulfated glycosaminoglycan (GAG) polysaccharide chains. Experimental studies have suggested that sulfated GAGs have important roles in tumor development through interactions with major tumor promoting growth factors, cytokines and proteases (3, 4) . Cell-surface PGs act as co-receptors of e.g. VEGF, FGF and PDGF-BB by presenting them to their respective high affinity, tyrosine kinase receptors. Extracellular matrix-resident PGs regulate the composition of the tumor microenvironment through interactions with proteases as well as collagens and glycoproteins in the tumor stroma. Also, matrix PGs serve as a reservoir for secreted factors, thereby shaping gradients of molecules involved in angiogenesis and tumor metastasis. PGs may thus regulate tumor development through direct effects in malignant cells and by shaping the architecture of the tumor stroma.
The involvement of sulphated GAGs of the heparan sulfate (HS) type in tumor biology has been extensively studied (4, 5) . Despite their wide distribution and relative structural similarity to HS, chondrotin sulfate (CS) GAGs have attracted less attention. There is growing evidence that CS may be equally important in cancer disease by supporting the malignant behaviour of cancer cells and by promoting angiogenesis (6-10).
Ozzello et al (11) showed that adding CS to the culture medium supports the growth of breast cancer cells, and later studies revealed the expression of CS in breast cancer cells and malignant breast tumors (12) (13) (14) . More recently, Suwiwat et al (15) reported that CS expression in the stroma of tumors from patients with node-negative breast cancer showed no correlation with clinical outcome. Interestingly, it was reported that in a small subset of the tumors, malignant cells expressed evident levels of CS; however, the clinical relevance of this finding was not further explored (15) . The clinical role of CS in breast cancer thus remains to be determined. Here we have investigated how CS in the stroma and malignant cells, respectively, correlate with clinicopathological parameters and patient outcome in two independent cohorts of primary breast cancer.
Materials and methods
Antibodies and chemicals. CS-56 (C8035) mouse monoclonal anti-CS antibody was from Sigma, St. Louis, MO, Alexa Fluor-488 goat anti-mouse antibody and phalloidin-TRITC were from Invitrogen. Cell media, supplements and chondroitinase ABC lyase (E.C. 4.2.2.4) were from Sigma, Sweden, biotinylated goat anti-mouse IgG secondary antibody (K 5007), Dako Envision kit K 5007, citrate buffer pH 6.0 (S 1699), Techmate 500Plus, peroxidase blocking solution (S 2023), Ki-67 antibody (M7240) were all from Dako, Denmark. Antibodies against estrogen receptor (ER; anti-ER, clone 6F11), progesterone receptor (PR; anti-PgR, clone 16) and human epidermal growth factor receptor 2 (HER2; Pathway CB-USA, 760-2694) were from Ventana Medical Systems Inc., AZ.
Cell culture and enzyme treatments. Human breast cancer cell lines MDA-MB-231 were purchased from the ATCC. Routine culture was performed in a humidified 5% CO 2 incubator at 37˚C in RPMI medium supplemented with 10% foetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin (growth medium). For CS digestion experiments, cells or tissue sections were incubated with digestion buffer [DMEM, 0.5% (w/v) bovine serum albumin (BSA), and 20 mM HEPES-HCl, pH 7.4] supplemented with 80 mU/ml chondroitinase ABC lyase for 2 h, and additional 50 mU/ml for another 2 h.
Flow cytometry and confocal laser scanning microscopy. Flow cytometry and confocal microscopy experiments were performed essentially as previously described (16, 17 , and the median follow-up time for overall survival (OS) was 52 months. Patients did not receive neoadjuvant therapy and were treated with either modified radical mastectomy or wide local excision. The median tumor size was 2.2 cm; 67% of the tumors were PR-positive and 86% were ER-positive. Complete endocrine treatment data were available for 143 patients, 67 of whom received adjuvant tamoxifen, 3 an aromatase inhibitor, and 25 a combination of tamoxifen and an aromatase inhibitor. Information on adjuvant chemotherapy was available for 143 patients, of whom 30 received treatment. The second (validation) cohort, cohort II, included 498 patients with primary invasive breast cancer diagnosed at the Malmö University Hospital between 1988 and 1992. These cases belonged to an original cohort of 512 patients, as previously described in detail (19) (20) (21) . The median age at diagnosis was 65 years, and median follow-up time to first breast cancer event was 128 months. Complete endocrine treatment data were available for 379 patients, 160 of whom received adjuvant tamoxifen. Information on adjuvant chemotherapy was available for 382 patients, of whom 23 received treatment. Information on the date of death was retrieved from regional cause-of-death registries for all patients in both cohorts. Ethical permission for the present investigation was obtained from the Lund University Regional Ethics Board, whereby informed consent was deemed not to be required other than by the opt-out method.
Tissue microarray construction and immunohistochemistry.
Prior to TMA construction, all cases were histopathologically re-evaluated on hematoxylin-and eosin-stained slides by a senior pathologist (KJ). To assemble TMAs, defined areas of tumor tissue were indicated on a slide with a fresh tissue section from the paraffin block (22) . Two biopsy samples, 1.0 mm in diameter, were taken from each donor paraffin block corresponding to the marked area using a manual arraying device (MTA-1, Beecher Inc, WI, USA). In general, cores were taken from the peripheral aspect of the tumor, and necrotic tissue was avoided. Expression of CS was determined using the Dako Envision kit K 5007 (an indirect polymer reinforcement technique). Consecutive sections of 4 µm in diameter were dried, deparaffinized, rehydrated and subjected to heat-induced antigen retrieval in citrate buffer, pH 6.0. Tissue sections were blocked in peroxidase blocking solution for 10 min, followed by incubation with a monoclonal mouse anti-CS antibody (CS-56), diluted at 1:200 for 30 min at room temperature in a Techmate 500Plus. Subsequently, biotinylated goat anti-mouse IgG secondary antibody was applied to the sections, followed by peroxidase-conjugated streptavidin and DAB for visualiza-tion. For all other antibodies, heat-induced antigen retrieval in citrate buffer, pH 6.0, was performed prior to processing of slides in the Ventana Benchmark system (Ventana Medical Systems Inc., AZ) using pre-diluted antibodies to the ER, PR and human epidermal growth factor receptor HER2, or in the Dako Techmate 500 system for Ki-67.
Evaluation of staining. Following antibody optimization and staining, the expression of CS was evaluated in 130 (90%) of the 144 tumors in cohort I, and 469 (94%) of the 498 tumors in cohort II. The missing tumors were not available for analysis due to core loss during sectioning and staining. Malignant cellassociated CS and stromal CS staining were assessed separately. The geographic limit for assessment of tumor stroma staining was defined as areas surrounded by neoplastic cells. Scoring was performed according to staining intensity on a scale as follows: 0, negative; 1, weak; 2, moderate; and 3, strong intensity. ER, PR, HER2 and Ki-67 were assessed as previously described (23) . Definitions of ER and PR negativity followed current clinical guidelines (<10% positive nuclei). IHC staining was evaluated by an observer who was blinded to clinical and outcome data.
Statistical analysis. Differences in distribution of pathological and clinical parameters (age, tumor size, histological grade, lymph node status, hormone receptor status, HER2 and Ki-67) between CS-low (staining intensities 0+1) and CS-high (staining intensities 2+3) in malignant cells and stroma, respectively, were calculated by Chi-square test for categorized variables and Chi-square test for trend of variables with more than two categories. Kaplan-Meier analysis and log-rank test were used to illustrate differences between recurrence-free survival (RFS) and overall survival (OS) according to CS expression. Cox regression proportional hazards models were used to estimate the impact of CS expression on RFS and OS in both univariate and multivariate analyses, adjusted for tumour size, ER, HER2, lymph node status and Nottingham histological grade (NHG) of the entire cohorts. All statistical tests were two-sided and P<0.05 was considered statistically significant. Calculations were performed using SPSS, version 15.0 (SPSS Inc., Chicago, IL).
Results

CS expression in breast cancer cells and breast tumors.
The epitope of the anti-CS antibody, CS-56, used in the present study was recently characterized, using an array of structurally defined, natural oligosaccharides (24) . We found that the abundance of the CS-56 epitope could be found both in malignant cells (MCs) and in the tumor stroma (TS) of patient breast tumors, while absent in normal ductal epithelial cells. In Fig. 1 , examples of tumors with different patterns of low and high CS staining intensity in MCs and TS are visualized. The CS-56 antibody epitope was also ubiquitously expressed in MDA-MB 231 cells, i.e. a well-characterized, highly malignant, breast cancer cell-line established from a patient tumor (Fig. 2B) ; enzymatic treatment of patient tumors or MDA-MB 231 breast cancer cells with chondroitinase ABC lyase that specifically degrades CS, substantially reduced CS-56 antibody staining thus validating the specificity of the antibody (Fig. 2B, C, and D) .
High CS in malignant cells correlates with the aggressiveness of breast tumors. We next analyzed the clinical significance of CS expression in patient breast tumors. Initially, CS expression was analyzed by immunohistochemistry in a screening material of 130 breast cancer patients (cohort I). In some cases, CS staining of MCs was accentuated towards the membrane, whereas in others it was more diffusely distributed in the cytoplasm (data not shown). Different subcellular localizations were, however, not accounted for in the further analyses. Out of 130 evaluable samples, 44 and 117 stained positive (intensity scores 1-3) in MCs (34%) and stroma (90%), respectively. Moreover, about half (48%) of the cases, showed strong stromal CS staining (intensity scores 2-3). To further determine the clinical significance of CS staining separately in MCs and TS, intensity scores were dichotomized into low (0+1) and high (2+3). In cohort I, high MC-CS showed a tendency, however not significant, towards an association with larger tumors (P=0.061), and correlated significantly with HER2 status (P= 0.04) (Table I) . Notably, there was no correlation between TS-CS and any relevant clinicopathological parameter in cohort I (data not shown).
CS staining and similar analyses were then performed in independent breast cancer patient material encompassing 469 evaluable tumors (cohort II). Again, there was no correlation of TS-CS with clinicopathological parameters (data not shown), whereas high MC-CS, similar to cohort I, showed a nonsignificant trend towards an association with larger tumor size (P=0.083); a similar relationship was found with histological grade, NHG (P=0.089). In this larger cohort, high MC-CS correlated significantly with the occurrence of lymph node metastasis (P=0.008) (Table I) .
Together, the above data point towards a more aggressive phenotype in tumors displaying high CS expression specifically in MCs. Interestingly, Kaplan-Meier analysis showed that high MC-CS was associated with a significantly shorter recurrence-free survival (RFS) and overall survival (OS) in both cohorts (Fig. 3) . This was confirmed by Cox univariate analysis where a high MC-CS correlated significantly with shorter RFS in both cohorts (cohort I: hazard ratio, 2.98: 95% confidence interval, 1.35-6.58, P=0.007; cohort II: hazard ratio, 1.59: 95% confidence interval, 1.06-2.39, P= 0.024), and similar associations were found between MC-CS and OS (Table II) . The prognostic value of MC-CS was similar when evaluated in strata according to high and low stromal CS expression in both cohorts (data not shown). Moreover, the correlation between high MC-CS and patient outcome remained significant in the ER-positive subgroup, whereas no significant relationship was found in patients with ER-negative tumors (data not shown). These data are most likely explained by the strong predominance of ER-positive tumors (~86%) in both cohorts. Finally, multivariate analyses showed that high MC-CS is an independent marker of poor OS in both cohorts (cohort I, hazard ratio 2.28: 95% confidence interval 1.08-4.81, P= 0.031; cohort II, hazard ratio 1.71: 95% confidence interval 1.23-2.38, P=0.001).
Discussion
Our data suggest that CS expression correlates with poor clinical outcome in primary breast cancer. This was true specifically for CS expression in malignant cells, whereas we found no such correlation for CS expressed in the stromal compartment. To our knowledge, this is the first report showing a correlative role of malignant cell expression of CS or any other type of sulfated GAG in patient tumors.
The role of CSPG core proteins in cancer has, however, been extensively studied, both experimentally and in clinical tumor specimens from various cancer types (15, (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . In breast cancer, versican, i.e. an extracellular matrix protein substituted with CS chains at several positions, was found absent in malignant cells, whereas elevated stromal expression of versican core protein predicted a poor prognosis (15, 30) . In contrast, reduced stromal expression of decorin, i.e. the prototype member of the small leucine-rich CSPGs, was associated with a worse prognosis of breast cancer (31) . Similar relationships between stromal expression of versican and decorin and clinical outcome were reported for prostate cancer (29) . Staining for CS with the CS-56 antibody showed a significant correlation between elevated stromal CS and poor prognosis in prostate cancer (28) . In line with the results of the present investigation, no significant correlation between stromal CS expression and clinical outcome was found in a relatively small cohort (n=86) of node-negative breast cancer (15) , implying that the prognostic roles of stromal expression of PG core proteins and CS chains, respectively, are not concordant between tumor types.
More recently, it was suggested that down-regulation in malignant cells of syndecan-1, i.e. a plasma membrane integrated protein substituted with CS and/or HS, and concomitant induction of stromal syndecan-1 expression is associated with epithelial-mesenchymal transition and, accordingly, worse prognosis of breast cancer (32) . It is currently unknown which CSPG core protein/s is specifically associated with CS chains harbouring the CS-56 antibody epitope, and whether increased tumor aggressiveness is related to altered expression and/or degree of glycosylation of a particular PG in malignant cells. However, previous data altogether point to the involvement of PGs other than versican and syndecan-1.
A remaining key question is which signalling pathway dictate the expression level and structure of CS in breast cancer tissue. The biological function of most GAGs is determined by their sulfation pattern, providing the polysaccharide chain Table I . Correlation between CS expression in malignant cells and clinicopathological parameters in breast cancer cohorts I and II. with a high negative charge and high affinity interactions with growth factors, cytokines, enzymes and matrix proteins of the tumor microenvironment (3-6). The formation of the CS-56 antibody epitope ( Fig. 2A) , requires the concerted action of three separate sulfotransferases during CS biosynthesis, i.e. GalNAc 4-O-sulfotransferase, GalNac 6-O-sulfotransferase, and GlcUA 2-O-sulfotransferase. In addition, at least another five enzymes are required to build the CS polymer. Our data There is growing evidence for a major role of transforming growth factor β (TGF-β) in the propagation of epithelial-mesenchymal transition and the progression of breast cancer (35) (36) (37) . In the context of the present investigation, it is of interest that TGF-β has been shown to induce CS in several types of cells, e.g. in mammary epithelial cells (38) , melanoma cells (39) and in human lung fibroblasts (40) . At a mechanistic level, TGF-β was shown to up-regulate xylosyltransferase-1, i.e. a rate-limiting enzyme that initiates CS attachment onto PG core protein (41) and GalNAc 4-O-sulfotransferase (42, 43) that catalyzes one of the key steps in CS-56 epitope formation. Our group is currently investigating whether CS induction constitutes an important down-stream event of the TGF-β signalling pathway during epithelial-mesenchymal transition and cancer progression.
CS expression in malignant cells
Experimental studies suggest that CS has a functional role in breast cancer, and that targeting of CS may represent a therapeutic strategy in cancer treatment (44) , e.g. CS derivatives potently reduced the viability of breast cancer cells, and inhibited tumor growth as well as hematogenous metastasis in experimental models (45, 46) . Several clinical studies indicate that a CS-related GAG, heparin, independently of its anti-thrombotic activity has direct tumor inhibiting effects, and ongoing phase III clinical studies aim at validating these findings (47, 48) . CS may thus be an attractive alternative to heparin given its inhibitory activities on tumor growth, angiogenesis and metastasis, without undesirable anti-coagulant side effects. In summary, our data indicate that malignant cell expression of CS correlates with clinical outcome of breast cancer patients, which supports a functional and potentially targetable role of CS in tumor disease.
